A number of genes involved in tumorigenesis have been known to be controlled by signal transducer and activator of transcription 3 (STAT3) and NF-jB, either synergistically or individually. In starved cancer cells, we found that NF-jB was activated through endoplasmic reticulum stress signals, which depend on reactive oxygen species, cytosolic calcium and preserved translation of NF-jB p65 subunit, but independent of IjBa serine phosphorylation, thereby resulting in IL6 induction. STAT3 was required for proper induction of IL6 by NF-jB. They existed as identical nuclear complexes in proximal IL6 promoters, and STAT3 had critical roles in binding to IL6 promoters as well as nuclear retention of NF-jB. The conditioned media from starved cancer cells contained various secretory factors, such as IL6, IL9, VWF (von Willebrand factor), FREM1 (FRAS1 related extracellular matrix 1), SAA1 (serum amyloid A1), SDK1 (sidekick homolog 1) and ADAM12 (ADAM metallopeptidase domain 12), induced by NF-jB and STAT3 and promoted clonogenic capacities of cancer cells, and proliferation and migration of human umbilical vein endothelial cells. These results suggest novel survival strategies of cancer cells by which two oncogenic transcriptional factors, NF-jB and STAT3, are activated simultaneously by an intrinsic mechanism during stressful conditions of cancer cells, and they cooperatively induce various survival factors.
Introduction
Endoplasmic reticulum (ER) stress occurs in a variety of stressful conditions, such as starvation, hypoxia, defective protein secretion or degradation, and Ca 2 þ flux across the ER membrane, where ER homeostasis is broken down to result in the accumulation of unfolded and misfolded proteins. To overcome ER stress, eukaryotic cells develop a series of protecting mechanisms; unfolded protein response (UPR), ER-derived degradation and Ca 2 þ signaling, through which ER capacities for correct protein folding are increased and ER overloads are decreased. UPR consists of PKR (RNA-dependent protein kinase)-like eukaryotic initiation factor 2 kinase (PERK)-eIFa-ATF4, IRE1-XBP1 and ATF6 processing. PERK is activated by separation with Grp78/BiP (ER-specific member of heat shock protein 70 family), phosphorylates eIF2a to reduce global translation and promotes selective translation of activating transcription factor (ATF4). In mammalian cells, there are three other eIF2a kinases; PKR, general control non-depressible-2 (GCN2) and heme-regulated inhibitor. In amino-acid deficiency, GCN2 is specifically recognized and activated by cytosolic-free tRNA to phosphorylate eIF2a (Marciniak and Ron, 2006) .
Nuclear factor-kB (NF-kB), a transcription factor associated with cell survival and proliferation, as well as immune and inflammatory responses, can be activated by both canonical and non-canonical pathways, triggered by growth factors and cytokines, such as TNFa, LTb, IL1b, and LPS, and has been shown to be closely linked to human tumorigenesis. The genes expressed by NF-kB suppress tumor cell death, promote tumor growth and provide tumors with an inflammatory microenvironment. In various human tumors, persistent NF-kB activation can be observed, however, exact underlying molecular mechanisms have not yet been fully understood (Xiao and Fu, 2011) . On the other hand, NF-kB can be intrinsically activated during ER stress response, mainly by Ire1-TRAF2 complex of UPR recruiting IkB kinase (IKK) (Zhang and Kaufman, 2008) , and ER stress response can inhibit NF-kB activation through subsequent pro-inflammatory stimuli (Kitamura, 2009) . Therefore, the notion for activation and roles of NF-kB in ER stress response remains presently controversial.
In the JAK-STAT pathway, which is the best understood cytokine signaling pathway, JAK tyrosine kinases are activated by being recruited to the cytokine receptors and phosphorylate STATs. Phosphorylated STATs form dimers, move to nuclei, and are associated with various transcriptional activities in the nuclei (Murray, 2007) . Among seven members of STAT family, signal transducer and activator of transcription 3 (STAT3) is constitutively activated in nearly all human cancers (Frank, 2003) . Target proteins transcribed by activated STAT3 are implicated in fundamental events of tumor development, including its proliferation, survival, invasion and angiogenesis (Groner et al., 2008) . Recent findings show that STAT3 can also be activated by reactive oxygen species (ROS) generated by NADPH oxidase (Lee et al., 2007; Souza et al., 2009; Yoon et al., 2010) .
Cytokines induced by NF-kB often activate STAT3. Furthermore, the numbers of genes involved in tumorigenesis have been shown to be controlled by STAT3 and NF-kB, either synergistically or individually, and their interaction and activation execute a key role in controlling communication between cancer cells and surrounding microenvironment, especially tumor infiltrating immune cells (Grivennikov and Karin, 2009 ). We recently observed that Jak2/STAT3 pathway was activated in both starvation and rapamycin treatment of cancer cells. However, IL6 was induced only in starved cells but not in rapamycin-treated cells (Yoon et al., 2010) . As there was clear difference between the two models of autophagy, we were able to find in the present work that NF-kB was activated only in starvation, thus contributing to full IL6 induction in collaboration with activated STAT3.
Results

NF-kB activation is required for IL6 induction in starved cancer cells
In the previous study, we found that Jak2/STAT3 was activated in amino-acid-and serum-deprived cancer cells, as well as rapamycin-treated cancer cells (Figure 1a) , which was totally dependent on ROS produced by NADPH oxidase enzymes that were activated during early autophagic processes (Yoon et al., 2010) . Activated STAT3 contributed to the induction of IL6 cytokine mRNA and its protein secretion only in starved cancer cells but not in rapamycin-treated cancer cells (Figures 1b and c) , indicating that additional signals for full induction of IL6 were lacking in rapamycin-induced autophagy of cancer cells. Therefore, we searched for other transcription factors that could be activated during stressful conditions and act in IL6 promoters. Among them, CCAAT/enhancer-binding protein b (C/EBPb) and NF-kB are well-known IL6 inducers (Vales and Friedl, 2002) , and C/EBP homologue protein (CHOP) is a transcription factor similar to C/EBP family and is induced in stressful conditions (Oyadomari and Mori, 2004 Figures 1B and D) . NFkB was also activated during starvation of cancer cells, because IkBa was selectively decreased only in starved cancer cells but not in rapamycin-treated cancer cells compared with p65 and p50 subunits of NF-kB ( Figure 1a) . Furthermore, almost all p65 proteins were found to move to the nuclei during starvation (Figure 1d ) and starvation of cancer cells finally activated the reporter with NF-kB responsive elements (Figure 1e) , suggesting that the difference in IL6 induction between starved cancer cells and rapamycintreated cancer cells would be due to disparity in NF-kB activation. Therefore, the effects of a NF-kB inhibitor and knockdown of NF-kB p65 subunit on IL6 induction in starved cancer cells were examined. As expected, treatment of HeLa cells with a NF-kB inhibitor, JSH-23, completely blocked both IL6 induction and increase of NF-kB reporter activities during starvation of the cells (Figures 1e and f) . Furthermore, knocked-down cells of p65 by infection of p65 shRNA (Figure 1g ) markedly alleviated the levels of IL6 mRNA and its protein secretion similar to knockdown of STAT3 in HeLa cells (Figures 1h and i) . Similarly, IL6 induction in U87MG glioblastoma cell line after amino-acid and serum deprivation was also dependent on activation of both NF-kB and STAT3 (Supplementary Figure 2) . Taken together, these results show that NF-kB activated in cancer-cell starvation is an essential transcription factor for IL6 induction together with STAT3.
NF-kB is activated by ER stress responses in starved cancer cells NF-kB has been known to be intrinsically activated by a UPR, one of ER stress responses, and amino-acid deprivation can induce similar signaling responses with a UPR, known as amino-acid response (Kilberg et al., 2009) . Therefore, to investigate whether stress responses occurring in amino-acid-and serum-deprivation trigger intrinsic NF-kB activations, we first examined stress responses of cancer cells during starvation. As shown in Figure 2a upper panel and 2b, both protein and mRNA of CHOP, a marker of UPR responses, were increased in (Marciniak and Ron, 2006) . In starved cancer cells, the expression of ATF4 and processed ATF6 were increased similar to thapsigargintreated cells; however, XBP1 splicing was not detected IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al ( Figure 2a middle and lower panels). NF-kB was activated in earlier time points (2 to 8 h after treatment) in thapsigargin-and tunicamycin-treated cells compared with starved cancer cells that showed peak values in 15 h after starvation, when examined by reporter assays with NF-kB responsive elements and IkBa western blot (Figures 2c and e) . It was of a great interest to observe increased IL6 mRNAs, activated STAT3 detected by Y 705 phosphorylation (Figures 2d and e) , autophagic formation of LC3-II ( Figure 2f ) and aggregation of GFP-LC3 (Supplementary Figure 3) in thapsigargintreated cells, suggesting that ER stress responses induced by thapsigargin accompany an autophagy, and that increase of IL6 mRNA is implicated in activation of NF-kB and STAT3. ER stress-induced NF-kB activation has been known to be dependent on ROS, Ca 2 þ and PERK-eIF2a-mediated translational attenuation of IkBa (Zhang and Kaufman, 2008) . As shown in Figure 3a , decrease of IkBa in starved cells was completely blocked by treatment of the cells with antioxidants, N-acetylcysteine and ascorbic acid, but not by treatment with diphenyliodonium, an inhibitor of NADPH oxidase, implying that the NF-kB activation is associated with ROS but not with NADPH oxidasegenerated ROS. HeLa cells overexpressing catalase, Cu-Zn superoxide dismutase (SOD1) and/or Mn superoxide dismutase (SOD2) were shown to have partially decreased NF-kB activation, and decreased IL6 mRNA induction after starvation compared with control cells (Figures 3b-d) . In addition, treatment of the cells with BAPTA-AM, a calcium chelator, partially blocked IkBa degradation in both amino-acid-starved and thapsigargin-treated cancer cells (Figure 3e ), also partially blocked the activation of NF-kB reporter, and completely inhibited increase of IL6 mRNA in starved cancer cells (Figures 3g and h ), suggesting that Ca 2 þ secreted from ER during ER stress response contributes to IkBa degradation, thereby resulting in NF-kB activation. The complete inhibition of IL6 mRNA by BAPTA treatment seems to be caused by general inhibitory effects on mRNA transcription of BAPTA (Shang and Lehrman, 2004) in addition to blocking of NF-kB activation. In order to detect serine-phosphorylated IkBa, MG132, an inhibitor of the ubiquitinproteasome pathway, was applied to starved and thapsigargin-treated cells; Figure 3f shows that IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al MG132 treatment increased non-phosphorylated IkBa but not serine-phosphorylated IkBa in starved cancer cells, whereas the serine-phosphorylated IkBa was mainly increased in thapsigargin-treated cells. These results indicate that NF-kB activation of starved cancer cells is independent of IkBa serine phosphorylation by IKK but dependent on degradation of non-phosphorylated IkBa, quite differing from that of thapsigargintreated cancer cells in which NF-kB activation is dependent on IkBa serine phosphorylation. Recently, it has been shown that activation of GCN2/eIF2a pathway in amino-acid response enforces selective translation, hypophosphorylation of 4EBP1 during autophagic response increases cap-independent translation, and both downregulate global translation (Silvera et al., 2010; Ye et al., 2010) . In metabolic labeling studies, general translation rate was shown to be gradually decreased in time-dependent manners during amino-acid and serum deprivations of HeLa cells ( Figure 4a ). Consistent with this, translation of IkBa protein was also decreased; nevertheless, translation of NF-kB p65 subunit was still preserved (Figure 4b ). On the other hand, degradation of IkB was comparable with that of p65, whereas degradation of p50 was not detected, observed by monitoring of 15 h-starved cancer cells for the indicated time periods in the presence of Collectively, these data imply that translational attenuation of IkBa accompanying translational preservation of p65 during ER stress response and autophagic response of aminoacid and serum deprivation set NF-kB p65-p50 heterodimer free to move to the nuclei.
Autophagic process is implicated in NF-kB activation as well as in IL6 induction
Amino-acid and serum deprivation drives HeLa cells to autophagic processes (Yoon et al., 2010) , therefore, it is highly possible that autophagic processes have a role in NF-kB activation. In order to elucidate the possibility, HeLa cells stably expressing either Beclin1 shRNA and Atg5 shRNA, or Beclin1 shRNA and Vps34 shRNA were established. As previously described (Yoon et al., 2010) , the cells with knocked down of autophagic machinery showed decreased STAT3 phosphorylation ( Figure 5a ) and decreased IL6 mRNA production ( Figure 5c ) compared with control cells. Furthermore, 
IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3
S Yoon et al NF-kB activation of the knocked-down cells after starvation was also markedly decreased (Figure 5b ), suggesting that NF-kB activation in starved cancer cells would be affected by autophagic processes. However, as NF-kB was activated only in starved cancer cells but not in rapamycin-treated cancer cells, it would appear necessary to investigate whether STAT3 activated during autophagic processes also has a role for NF-kB activation mediated by ER stress response in starved cancer cells.
STAT3 activation is required for NF-kB activation in starved cancer cells
To investigate the roles of STAT3 in ER stress-derived NF-kB activation, various HeLa cell lines stably expressing the cDNA constructs (wild type STAT3, constitutively active STAT3, wild type p65 and constitutively active IKK2) solely or in combination were prepared ( Figure 6a ). As shown in Figure 6b , overexpression of either p65 or constrictively active IKK2 was shown to equivalently increase more IL6 mRNA In HeLa cells treated with rapamycin, overexpression of wild type STAT3, constitutively active STAT3, or NF-kB p65 subunit had little or no effect on IL6 mRNA levels; however, constitutively active IKK2 markedly increased IL6 mRNA both in basal levels and in rapamycin treatment, whereas constitutively active STAT3 cotransfected with constitutively active IKK2 or NF-kB p65 subunit increased more IL6 mRNA than IKK2 or p65 alone before and after rapamycin treatment ( Figure 6c ). These results imply that activated form of STAT3 is more effective on IL6 induction and that NF-kB activation is needed to induce IL6 mRNA in rapamycin-treated cells. Furthermore, the NF-kB reporter activity in the cells with knocked-down STAT3 was completely downregulated compared with starved control HeLa cells (Figure 6d ) although the decrement of IkBa was observed also in STAT3 knocked-down cells (Figure 6f ).
Figures 6e and g show that activated STAT3 was required for nuclear retention of NF-kB, because nuclear translocation of p65 subunit after starvation was considerably decreased in STAT3 knocked-down cells, as evidenced by confocal microscopic studies and western blot analysis with crude nuclear and cytosolic fractions. Candidate binding sites for NF-kB and STAT3 were located proximal to transcription initiation site in IL6 promoter with five overlapped nucleotides ( Figure 7a ). After immunoprecipitation of NF-kB p65 subunit and STAT3, candidate proximal regions were specifically PCR-amplified by chromatin immunoprecipitation (ChIP) assay (Figure 7b ). Reporter assay with IL6 promoter mutated in NF-kB binding site showed decreased reporter activities compared to prototype IL6 promoter in starvation, as well as phorbol 12-myristate 13-acetate treatment, but not in rapamycin-induced autophagy ( Figure 7c ). Additionally, activation of the reporter was relatively decreased in both STAT3 knocked-down cells and p65 knocked-down cells compared with starved and phorbol 12-myristate 13-acetate-treated control cells (Figure 7d ). Cells with knocked-down STAT3 and overexpression of constitutively active IKK2 or p65 showed drastically decreased IL6 expression, compared with cells overexpressing only constitutively active IKK2 or p65 alone in starvation (Figure 7e ). On the other hand, knockdown of STAT3 had little or no effect on IL6 induction in control, constitutively active IKK2-overexpressing or p65-overexpressing cells in TNFa stimulation of cancer cells (Figure 7f ). These data together indicate that activated STAT3 is definitely required for proper functioning of NF-kB as a transcriptional factor in IL6 induction of starved cancer cells, and that STAT3 and NF-kB would probably be working as a complex in IL6 promoter because of overlapping sequences of the binding sites.
To confirm the presence of nuclear complex containing STAT3 and NF-kB in cancer cell starvation, electric mobility shift assay was performed with the probe sequences including STAT3 and NF-kB binding sites located in the proximal promoter region of IL6 gene. As shown in Figures 7g and h , three specific bands appeared during starvation, which disappeared completely when incubated with anti-STAT3, anti-p65, or antip50 Ab, indicating that they were formed by nuclear complexes containing both STAT3 and NF-kB, whereas a single band appeared by TNFa treatment, formed by only NF-kB, because the band disappeared by incubation with either anti-p65 or anti-p50 Ab, but not by incubation with anti-STAT3 Ab. In thapsigargin-treated cells, bands which were quite similar to starved cells appeared and super-shifted by incubation with anti-STAT3, anti-p65 and anti-p50 Abs (Supplementary Figure 5) . Furthermore, knockdown of STAT3 decreased intensities of the bands in starved HeLa cells, however, even more intense band appeared in TNFatreated cells (Figure 7i ). Figure 6) . Furthermore, activated STAT3 and NF-kB bound to each other in the nuclei of starved HeLa cells, evidenced by co-immunoprecipitation of nuclear and cytosolic fractions in starved wild type and STAT3 knockeddown cells (Figure 7j) . Collectively, the above data prove that STAT3 activated during autophagic processes contributes to IL6 induction in cooperation with NF-kB activated by ER stress responses through formation of nuclear complexes on IL6 promoter, and that activated STAT3 is required for proper NF-kB activation by increasing nuclear retention of NF-kB p65-p50 heterodimer.
Conditioned media from starved cancer cells contribute to survival of cancer cells HeLa cells expressing STAT3 shRNA and p65 shRNA showed more cell deaths after starvation than parental HeLa, HeLa cells expressing non-targeting shRNA, p65 shRNA, or STAT3 shRNA, or HeLa cells overexpressing wild type STAT3 and p65 (Figure 8a ). This seemed to be partially due to decrease of secreted IL6, because cells with knocked-down IL6 also showed decreased survivals in comparison with control cells (Figure 8b ). The cells overexpressing wild type STAT3 and p65 secreted the highest amount of IL6, whereas IL6 secretion of cells expressing STAT3 shRNA and p65 shRNA or IL6 shRNA was almost all blocked ( Figure 8c ). As shown in Figure 8d and Supplementary Figure 7 , the conditioned media prepared from HeLa cells incubated in HBSS for 24 h conferred survival advantages on cancer cells themselves by increasing clonogenic abilities because clonogenic assay revealed that HeLa cells cultured in 5% fetal bovine serum IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al incubation in HBSS. Among the genes showing more than three-fold decrease of mRNA expression in p65 knocked-down cells, several genes, the proteins of which are probably secreted were selected, and their mRNA expression in control, STAT3 knocked-down and p65 knocked-down cells was examined after starvation. The result showed that mRNA expressions of FREM1 (FRAS1 related extracellular matrix 1), SDK1 (sidekick homolog 1), IL9, SAA1 (serum amyloid A1), VWF (von Willebrand factor), and ADAM12 (ADAM metallopeptidase domain 12), whose association with cancer recently began to be revealed (Gil-Bazo et al., 2003; Smyth et al., 2004; Jacobsen and Wewer, 2009; Yang et al., 2009; Bosco et al., 2010; Mattarollo and Smyth, 2010; Goswami and Kaplan, 2011) , were markedly increased in starved HeLa cells and their induction was totally dependent on both STAT3 and NF-kB (Supplementary Figure 8) . Furthermore, secre- (c) Secreted IL6 was measured by ELISA in concentrated conditioned media from parental HeLa cells and HeLa cells expressing NT shRNA, wild type STAT3 and p65, STAT3 shRNA and p65 shRNA, and IL6 shRNA incubated in HBSS for 24 h. (d) Clonogenic assay was carried out with HeLa cells in 5% FBS minimal essential media (MEM) supplemented with HBSS, bovine serum albumin (20 mg/ml), or the conditioned media (20 mg/ml) from HBSS-incubated HeLa cells for 24 h. The experiment was performed in triplicate, and data are presented as colony number±s.d. (e) HUVECs were cultured in 2% FBS-EBM supplemented with or without growth factors, equal volume of HBSS, the conditioned media (50 mg/ml) from HeLa cells expressing NT shRNA, wild type STAT3 and p65, STAT3 shRNA and p65 shRNA, or IL6 shRNA, and total cell numbers were counted by trypan blue dye exclusion test. (f) Wound healing assay was performed with HUVECs in 2% FBS-EBM supplemented with growth factors, equal volume of HBSS or the conditioned media described above. Data are presented as % migration.
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S Yoon et al tion of SAA1, FREM1, ADAM12 and VWF into the conditioned media was detected by western blotting (Supplementary Figure 9) . Collectively, therefore, these results indicate that activated STAT3 and NF-kB during starvation contribute to the survival of stressed cancer cells via secretion of the other secretory factors as well as IL6. As the conditioned media from starved cancer cells includes various factors, which provide survival advantages on tumor cells, the secretory factors would also possibly contribute to angiogenesis of tumor cell. To investigate the effects of the conditioned media on angiogenesis, we examined the roles of the conditioned media in proliferation and migration of human umbilical vein endothelial cells ( 
Discussion
NF-kB activation in ER stress response is known to be associated with several elements; cytosolic calcium and ROS (Pahl and Baeuerle, 1996) , IRE1-TRAF2-mediated IKK activation (Hu et al., 2006) and PERKeIF2a-mediated translational attenuation (Deng et al., 2004) . However, its exact mechanisms have so far been poorly understood. During amino-acid and serum deprivation of HeLa cells, ATF4 induction and ATF6 processing occurred, but no Ire1-mediated XBP1 splicing ( Figure 2a) ; thus, it seems quite unlikely that NFkB can be activated by IRE1-TRAF2-mediated IKK activation. Moreover, phospho-serine IkBa was not detected, although non-phosphorylated IkBa was increased when starved cancer cells were treated with MG132, a proteasomal inhibitor (Figure 3f ), indicating that IkBa not phosphorylated by IKK is degraded in starved cancer cells to release free p65-p50 heterodimers. Interestingly, however, IRE1-mediated splicing of XPB-1 and phosphorylation of IkBa were observed in thapsigargin-induced ER stress of cancer cells ( Figures  2a and 3f) , suggesting the cancer cells employ different mechanisms of NF-kB activation under similar stressful situations. Intriguingly, NF-kB reporter activities in thapsigargin-induced ER stress of HeLa cells were transiently increased between 2 to 8 h after treatment; nonetheless, IL6 mRNA continued to be increased till 24 h (Figures  2c and d) . This discrepancy was showing activated NF-kB contributed to increase of IL6 mRNA by another mechanism other than direct effects on IL6 promoter, possibly stabilization of IL6 mRNA through induction of mRNA-stabilizing factors acting on 3 0 UTR. There are recently published reports, supporting this. NF-kB can be implicated in stabilization of IL6 mRNA through Lin28 induction and subsequent Let-7 microRNA degradation (Iliopoulos et al., 2009) . 3 0 UTR of IL6 mRNA has AU-rich elements (Khabar, 2010) and NF-kB activates transcription of HuR, an mRNA stabilizing factor, bound to AU-rich elements (Kang et al., 2008) .
ROS increase and cytosolic calcium release during ER stress responses are known to be interconnected, such that mitochondrial ROS changes ER Ca 2 þ ATPase to release ER Ca 2 þ , vice versa, and released Ca 2 þ damages mitochondria, thereby increasing mitochondrial generation of ROS (Gorlach et al., 2006) . ROS-mediated NF-kB activation has been known for years, however, underlying mechanisms are not yet completely known. Especially, pervanadate, a potent tyrosine phosphatase inhibitor, can activate NF-kB through tyrosine 42 phosphorylation of IkBa, independent of IKK-dependent serine phosphorylation of IkBa (Gloire et al., 2006) , indicating that inhibition of tyrosine phosphatase by ROS can induce NF-kB activation, consistent with the finding that phosphatases are relatively vulnerable to ROS (Kamata et al., 2005; Lee et al., 2007) . In addition, ROS-mediated activation of poly-(ADP-ribose) polymerase 1 contributes to NF-kB activation through poly-ADP-ribosylation of p65-interacting protein in the nucleus (Ba et al., 2010) .
Recent data indicate that ER stress and autophagy are closely connected with each other. ER stress can induce autophagic response, which is also a critical survival mechanism of ER stress responses. Especially, ER chaperone GRP78, PERK, IRE1 and an increase of cytosolic calcium are deeply implicated in ER stressinduced autophagy (Hoyer-Hansen and Jaattela, 2007; Li et al., 2008) . GCN2-eIF2a pathway of UPR can be activated by UV irradiation to mediate NF-kB activation (Jiang and Wek, 2005) and is critical for tumor survival in amino-acid deprivation (Ye et al., 2010) . In the present study, GCN2-eIF2a pathway was found to be associated with NF-kB activation, possibly through modified translational regulation; that is, decrease of IkB translation along with global translational attenuation and selective translational increase of specific genes including NF-kB p65 subunit (Figure 4) . It is quite IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al possible that p65 translation can be preserved by either usage of 5 0 UTR open reading frame (uORF) via GCN2-mediated eIF2a phosphorylation (Ye et al., 2010) or internal ribosomal entry site-dependent translational initiation mediated by hypophosphorylation of 4EBP1 via mTOR inhibition during autophagy (Silvera et al., 2010) . In 5 0 UTR region of p65 gene, there was one ATG sequence, which possibly works as uORF and to be translated into peptide consisting of four amino acids, based on NCBI reference sequence (NM_0219753.3), whereas there is no internal ribosomal entry site inspected by web-based tools (http://creativecommons.org/licenses/by/2.0) (Wu et al., 2009 ). Therefore, further studies seem to be needed to investigate the function of possible UTR open reading frame of p65 in starved cancer cells.
Our present data showed that activated STAT3 had critical roles in nuclear retention of NF-kB, and that STAT3 and NF-kB exist as identical nuclear complexes in IL6 promoter in starved cancer cells (Figures 6 and 7) . STAT3 seems to help NF-kB bind to and be persistently activated in IL6 promoter because boosting of STAT3 activity by overexpression of constitutively active STAT3 or wild-type STAT3, alone showed no effect on IL6 induction; however, together with NF-kB activities boosted by overexpressing p65 or constitutively active IKK2 effectively increased IL6 induction. On the other hand, in TNFa stimulation, STAT3 did not form a complex with NF-kB in IL6 promoter; nevertheless, NF-kB binding to IL6 promoters was even more increased in STAT3 knocked-down cells. Therefore, mechanisms and required cofactors of NF-kB activation in stressed cancer cells might be quite different from that of non-stressed cancer cells. Yang et al. (2007) showed that unphosphorylated STAT3 formed complexes with dimers of NF-kB subunits to contribute to the second wave of induction of kB responsive genes after IL6 stimulation, differing from our findings that the nuclear complexes in IL6 promoter comprised tyrosine-phosphorylated STAT3, p65 and p50 in stressed cancer cells. Furthermore, recent study indicates that constitutive activation of NF-kB is due to constitutive activation of STAT3 through a mechanism by which tyrosine 705 and serine 727-phosphorylated STAT3 recruits p300 acetyl transferase and subsequently induces acetylation of p65 resulting in interferences of NF-kB nuclear export (Lee et al., 2009) . Therefore, in the present study, we attempted to detect acetylated p65 in total cell lysate and immunoprecipitated p65 of amino-acid-deprived cancer cells, however, failed to detect it (unpublished observation). Furthermore, in activated STAT3 through amino-acid deprivation, we found no upregulation of serine 727 phosphorylation of STAT3 detected (Yoon et al., 2010) . The failure to detect acetylated p65 might have been due to unavailability of reliable acetylated p65-specific antibody or no recruitment of p300 by activated STAT3 into NF-kB. Further studies on the composition and inter-relationship of nuclear complexes formed in IL6 promoter of starved cancer cells seem to be needed. Both STAT3 and NF-kB are often constitutively activated in various tumors, which has been interpreted as upregulation of upstream signals, mediated by paracrine or autocrine factors of tumor itself and tumor microenvironments (Karin, 2006) . They exert important roles in all aspects of tumorigenesis by activation of various genes, which individually or synergistically control tumor cells, and immune and inflammatory cells. For examples, IL6 has been well known to be controlled by NF-kB in tumor cells (Fujita et al., 1992) and anti-apoptotic factors, such as Bcl-2, Bcl-xL and c-IAP2, are known to be controlled by both STAT3 and NF-kB (Karin and Lin, 2002; Yu and Jove, 2004) . However, our present data showed that both NF-kB and STAT3 were required for proper induction of IL6 (Figure 1) , whereas only c-IAP2 was induced in aminoacid deprivation (Supplementary Figure 12) , suggesting that STAT3 and NF-kB exert specific and different roles, depending on the conditions of tumor and its microenvironment.
In the present study, we found that secretory factors other than IL6 were induced by both NF-kB and STAT3, and they included IL9, SAA1, VWF, FREM1, SDK1 and ADAM12 (Supplementary Figures 8 and 9 ), which have not been known to be associated with NFkB and STAT3. SAA1 is one of acute phase proteins, association of which with cancer has recently been reported (Mattarollo and Smyth, 2010) . VWF is a coagulation factor known to function in adhesion between tumor cells and endothelial cells (Gil-Bazo et al., 2003) . FREM1 is associated with adhesion of embryonic epidermis (Smyth et al., 2004) . SDK1 is a homophilic adhesion molecule and its genomic region is highly prone to gaps and break in some cancers (Bosco et al., 2010) . ADAM12 is a transmembrane protein involved in tumor progression with protease activity and is associated with cell adhesion, signaling of EGF and insulin-like growth factor (Jacobsen and Wewer, 2009 ). IL9 is a proinflammatory cytokine, which has not been extensively studied, however, it has recently been shown to be associated with cutaneous malignant melanoma (Yang et al., 2009; Goswami and Kaplan, 2011) . The results described above indicate that these secretory factors are implicated in adhesion, migration and metastasis of tumor cells, or to contribute to inflammatory microenvironment surrounding tumor tissues. This point of view is in good agreement with our data that the conditioned media from starved cancer cells promoted proliferation and survival of cancer cells and HUVECs, and migration of HUVECs (Figure 8 and Supplementary Figures 7, 10 and 11) (Yoon et al., 2010) .
Materials and methods
Cells, antibodies and other reagents HeLa (human cervical cancer) cell line and U87MG (human glioblastoma) cell line were cultured in MEM or in Dulbecco's modified Eagle media supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. Primary HUVECs were maintained IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al in EGM-2 medium (Cambrex Bio Science Rockland Inc., Rockland, ME, USA). Anti-phospho-Y 705 STAT3, anti-STAT3, anti-IkBa, anti-phospho-IkBa, anti-p50, anti-CHOP, anti-ATG5, anti-Beclin1, anti-Vps34, anti-GCN2 and anti-4EBP1 antibodies (Abs) were purchased from Cell Signaling Biotechnology (Danvers, MA, USA); anti-LC3 Ab from Novus Biologicals (Littleton, CO, USA); anti-tubulin Ab from Calbiochem (Darmstadt, Germany); anti-V5 Ab and HBSS from Invitrogen (Seoul, Korea). Anti-HA Ab, anti-p65 Ab, anti-histone H1 Ab, anti-ATF4 Ab, anti-Flag Ab, thapsigargin, tunicamycin, diphenyliodonium, BAPTA-AM, JSH-23 and MG132 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rapamycin, puromycin, propidium iodide and cycloheximide were purchased from Calbiochem; and N-acetyl-L-cysteine, ascorbic acid, E64D, pepstatin A and phorbol 12-myristate 13-acetate from Sigma-Aldrich (Yongin, Korea). IL6 ELISA kit was purchased from Cell Sciences (Canton, MA, USA). TNFa was from R&D Systems (Minneapolis, MN, USA). Detection of XBP1 mRNA splicing was performed as previously described (Lin et al., 2007) with the primers; 5 0 -TTACGAGAGAAAACTCATGGC-3 0 and 5 0 -GGGTCCAAGTTGTCCAGAATGC-3 0 .
Expression constructs and lentiviral transfections Lentiviral constructs expressing p65, IL6, STAT3, GCN2, 4EBP1, Atg5, Vps34 and Beclin1 shRNA were purchased from Sigma-Aldrich. Catalase and SOD1 cDNAs were from OriGene (Rockville, MD, USA). ATF6, SOD2, GFP-LC3, wild-type STAT3, constitutively active STAT3 mutant, constitutively active IKK2, p65 and eIF2a S52A mutant constructs were purchased from Addgene (Cambridge, MA, USA). All the cDNA constructs were subcloned into pCDH-EF2-MCS-T2A-Puro, a lentiviral vector for cDNA expression (System Biosciences, Mountain View, CA, USA). Six tandem repeats of STAT3 responsive element (STATRE) and NF-kB responsive element (NFkBRE) were cloned into pGF1-mCMV, a lentiviral reporter vector (System Biosciences). Partial IL6 promoter and 5 0 UTR sequences (À568 to þ 70) were PCR-amplified from HeLa genomic DNA, cloned into pCDH-GFP, in which SpeI/SalI fragments of pCDH-EF2-MCS-T2A-Puro were ligated with PCR-amplified GFP2 sequences. NF-kB binding site in partial IL6 promoter was mutated for making IL6Pro-NFkB-Mut plasmid (À74 TGAAATTTTCCCAÀ62). All the lentiviral vectors were transfected to 293TN cells (System Biosciences) with Lipofectamine 2000 transfection reagents (Invitrogen). Particles were collected 2 days after the transfection of lentiviral plasmids and infected into HeLa cells. Lentivirus-infected HeLa cells were puromycin-selected for 1 week.
Real-time PCR
Cells were harvested at the indicated time points after treatment. Total RNAs were isolated by using an RNeasy kit (Qiagen, Seoul, Korea). PrimeScript RT reagent Kit (Takara, Seoul, Korea) was used to reverse transcribe mRNA into cDNA. PCR was then performed on an ABI PRISM 7000 machine (Applied Biosystems, Carlsbad, CA, USA) using SYBR Premix Ex Taq II (Takara). The sequences of primers are described in Supplementary Table 1 . Analysis of each sample was performed more than twice for each experiment, and data in the figures are reported as relative quantification: average values of 2 ÀDDCT ±s.d.
Preparation of cell lysates, western blots and immunoprecipitation
Crude nuclear and cytosolic fractions were prepared as described (Ye et al., 1996 
Metabolic labeling
Protein synthesis was measured according to the method described (Jiang and Wek, 2005 Abs were resolved by SDS-polyacrylamide gel electrophoresis, and radiolabelled protein was visualized using autoradiography.
Electric mobility shift assay and chromatin immunoprecipitation assays For electric mobility shift assay, HeLa cells were incubated in HBSS for 15 h, treated with TNFa (30 ng/ml) for 30 min, or IL6 induction in amino-acid-starved cancer cells by NF-jB and STAT3 S Yoon et al with thapsigargin (5 mM) for 2 h, from which nuclear extracts were prepared as described above. The oligonucleotide probes, end-labeled with [g-32 P]ATP using T4 polynucleotide kinase were incubated with nuclear extract (5 mg) in a binding buffer [10 mM HEPES (pH 7.9), 75 mM KCl, 1 mM EDTA, 5 mM DTT, 5 mM MgCl 2 , 10% glycerol, 1 mg poly(dI-dC), 3 mg/ml bovine serum albumin] for 15 min at room temperature with or without Abs (2 mg) for supershift assay. The reaction mixes were subjected to 6% PAGE in 0.5 Â TBE (Tris-Borate-EDTA) and autoradiography. The probe was NF-kB and STAT3 binding sites in proximal IL6 promoters (forward: 5 0 -AA TGTGGGATTTTCCCATGAGTCTC-3 0 ; reverse: 5 0 -GAGAC TCATGGGAAAATCCCACATT-3 0 ). ChIP assay was performed using ChIP assay kit (Millipore, Billerica, MA, USA) according to manufacturer's instructions. The primers for PCR amplification were as follows; 470F ( 
Clonogenic assay
Clonogenic assay was carried out according to the method described (Franken et al., 2006) with minor modification. Briefly, 100 HeLa cells were aliquoted into six-well plates in 5% FBS-MEM together with HBSS, bovine serum albumin (20 mg/ml) or protein concentrates from the conditioned media of HeLa cells at 20 mg/ml concentration. The cells were grown for 10 days until visible colonies appeared, with media changed every 3 days. The colonies were fixed and stained with 6% glutaraldehyde and 0.5% crystal violet solution. The colonies showing 42 mm in diameter were counted as positive. The experiments were done three times, each in triplicate.
Measurements of HUVECs proliferation and wound healing assay HUVECs (5 Â 10 3 cells/well) were placed in a 96-well culture plates with 2% FBS EBM in presence or absence of growth factors or concentrated conditioned media (50 mg/ml). After 2 days of incubation, cell viability was determined by trepan blue exclusion tests. After HUVECs reached confluence, media was aspirated, and cells were washed by submersion and gentle agitation in sterile 37 1C PBS without Ca 2 þ and Mg 2 þ . A wound in the monolayer was made perpendicular to the scribed line using a P1000 pipette tip. The plate was then washed twice. The cells were incubated in EBM in the presence or absence of growth factors or concentrated conditioned media (50 mg/ml). All groups were kept in a 37 1C incubator for 24 h. Plates were then imaged with an inverted phase contrast microscope (Carl Zeiss). All images were left in their original size format and taken six per each experiment group. Quantization was blinded and performed by creating a longitudinal line over the area of minimal density and measuring the distance between the lines. Data were presented as % migration: (migration distance of each experiment group/ migration distance of HUVECs incubated in 2% FBS EBM with growth factors) Â 100.
Sample preparation for microarrays and microarray analysis Parental HeLa cells and HeLa cells stably expressing non-targeting shRNA or p65 shRNA were incubated in HBSS for 15 h, and total RNAs were extracted using an RNeasy mini kit (Qiagen). DNA microarray analysis was performed by GenoCheck Ltd. (Ansan, Korea) using NimbleGen Human Whole Oligo 12-plex chip (Roche NimbleGen Systems, Madison, WI, USA).
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